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The results of microstructural investigations of plastically deformed and undeformed Zn-Mg-Dy single
quasicrystals by means of transmission electron microscopy are presented. Planar defects were observed in
heat-treated quenched samples and in deformed samples, which could be identified as antiphase boundaries of
the face-centered icosahedral structure. A strong increase of the density of antiphase boundaries during plastic
deformation was observed, which could be attributed to the movement of partial dislocations. The plane
normals of the antiphase boundaries were determined for differently treated samples. In heat-treated and
quenched samples 90% of the plane normals were found to be parallel to fivefold directions. In deformed
samples, planes perpendicular to pseudo-twofold ^1/1 2/1 1/2& directions are most frequently observed. These
planes are inclined by an angle of 46° with respect to the @0/0 0/0 0/2# compression direction and therefore
possess a high Schmid factor.
DOI: 10.1103/PhysRevB.64.014202 PACS number~s!: 61.72.Hh, 61.72.Ff, 62.20.FeI. INTRODUCTION
An icosahedral phase in the zinc-based alloy Zn-Mg-RE,
where RE stands for a rare-earth element, was first observed
by Luo et al.1 A highly ordered face-centered icosahedral
phase2,3 coexisting with a simple-cubic icosahedral phase4 in
Zn-Mg-RE (RE5Y, Tb, Dy, Er, Ho) was later reported. The
formation of the simple-cubic and face-centered phase was
shown to be dependent on the growth conditions4 and on the
content of rare-earth elements.5 Based on the investigation of
the primary solidification area of the icosahedral phase in the
Zn-Mg-Y alloy phase diagram,6 large single quasicrystals of
face-centered icosahedral Zn-Mg-Dy were grown using the
self-flux technique.7,8
The plastic macroscopic deformation properties of icosa-
hedral Zn-Mg-Dy single quasicrystals were first studied by
Heggen et al.8 In comparison to other quasicrystals such as
icosahedral Al-Pd-Mn,9 the stress-strain curves of Zn-Mg-Dy
show some unusual features. An extraordinary strong yield
drop of about 40% of the upper yield stress and a subsequent
constant flow-stress level up to high strains was found. Mi-
crostructural investigations on plastically deformed Zn-
Mg-Dy single quasicrystals demonstrated that plastic defor-
mation is mediated by a dislocation mechanism.10
Furthermore, the presence of planar defects in deformed and
heat-treated materials was observed.
In this paper, we present a detailed study of defect struc-
tures in icosahedral Zn-Mg-Dy quasicrystals. We give a
comparative characterization of dislocations and planar de-
fects in deformed, as-cast and heat-treated material.
II. EXPERIMENT
Icosahedral Zn-Mg-Dy single quasicrystals with diam-
eters of up to 15 mm were grown using the self-flux
technique.11,7 The starting materials were sealed in a molyb-
denum crucible under vacuum conditions with the composi-
tion 46 at. % Zn, 51 at. % Mg, and 3 at. % Dy. The crucible0163-1829/2001/64~1!/014202~6!/$20.00 64 0142was placed into a chamber furnace and subjected to heat
treatment according to the following scheme: Heating to
700 °C, holding at this temperature for 7 h, homogenizing
the melt; slow cooling from 650 °C to 575 °C at 1 ° h21 and
from 575 °C to 480 °C at 0.6 ° h21. At 480 °C the excess
liquid was decanted.
The material grown was characterized metallographically
and by transmission electron microscopy. Optical- and scan-
ning electron microscopy revealed the absence of second
phases. The composition of the quasicrystal was determined
as 62.6 at. % Zn, 28.3 at. % Mg, and 9.1 at. % Dy by means
of inductively coupled plasma optical emission spectroscopy.
The electron diffraction patterns obtained in the transmission
electron microscope ~TEM! show sharp spots properly
aligned along the systematic rows, indicating a high struc-
tural perfection of the quasicrystals. The presence of the
face-centered icosahedral phase was verified by analyzing
the electron diffraction patterns along twofold axes of the
quasicrystal structure, which show fundamental as well as
superlattice reflections ~cf. Rodewald et al.5!.
For plastic deformation cuboid-shaped samples of about
3.231.331.3 mm3 in size were cut from the single quasi-
crystals. The long axis, i.e., the compression direction was
aligned parallel to a twofold direction. We performed
uniaxial deformation experiments in compression at strain
rates of 1025 and 1026 s21 in a temperature range between
490 °C and 530 °C corresponding to 87.4% and 92.0% of the
absolute melting temperature, respectively. The results of the
macroscopic deformation experiments have been described
in detail by Heggen et al.8
The microstructural investigations were performed on ma-
terial subjected to different treatments. Four types of samples
were investigated: ~A! as-grown material, ~B! heat-treated
material annealed at temperatures equal to the deformation
temperatures 500 and 510 °C and subsequently quenched in
water, ~C! material deformed up to a plastic strain of 0.2%
corresponding to the upper yield point, ~D! material de-
formed up to a plastic strain of 1.6% corresponding to the©2001 The American Physical Society02-1
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deformation, type C and D materials were rapidly unloaded
and quenched in water to preserve the structural state during
the deformation experiment as closely as possible. Speci-
mens for transmission electron microscopy were produced
by standard techniques, i.e., subsequent slicing, grinding,
polishing, and argon-ion milling.
The microstructural investigations were carried out in
JEOL 4000FX and 2000EX TEMs operated at 200 kV. The
dislocation density was determined from about ten bright-
field micrographs taken at different positions of every speci-
men by counting the intersections of dislocations with the
specimen surfaces. The dislocation density was then calcu-
lated according to
r5
N
A , ~1!
where N is the number of intersections of dislocation lines
with both surfaces of the specimen and A is the area of the
sample region on the micrograph.12
III. RESULTS
In deformed samples C and D and in heat-treated samples
B microstructural analysis reveals the presence of defects
showing a bandlike image contrast. A bright-field Bragg-
contrast image of such defects is shown in Fig. 1. The inset
shows a schematic of the boxed region. Specimen-tilting ex-
periments in the TEM, leading to changing widths of the
defect contrast, clearly show that the defects are planar. The
figure shows long and straight segments of planar defects
connected by regions of strong curvature. Many not directly
connected straight segments are, however, found to be lined
up perfectly, indicating that these segments are apparently
localized in the same plane ~dashed lines in inset!. At the
crossings of such planes, i.e., between face-to-face oriented
strongly curved regions ~arrow in inset!, the same contrast as
FIG. 1. Bright-field image of planar defects in icosahedral Zn-
Mg-Dy single quasicrystals. The inset shows a schematic of the
boxed region.01420in the image background is observed.
Figure 2 shows a Bragg-contrast image of a heat-treated
sample B. The planar defects can be recognized as bands of
uniform bright contrast against the darker background. Parts
of the planar-defect contrast, showing different widths result-
ing from different plane orientations, are marked by thick
arrows. The planar defects are terminated by dislocations
~thin arrows!, showing a dark line contrast. In the central part
of the figure, we find a formation similar to that shown in the
inset of Fig. 1. At the crossing of the planes containing the
vertical and the almost horizontally seen defect contrast, the
same gray contrast as the background is observed. The hori-
zontal and vertical straight segments are connected by
strongly curved segments.
Figure 3 shows a series of dark-field Bragg-contrast im-
ages obtained close to a twofold @0/0 0/0 0/2# zone axis. In
the bottom right part of the figure, the corresponding diffrac-
tion pattern is seen. The reflections of a fivefold-systematic
row ~g51 to g55! used for imaging under two-beam conditions
are marked with arrowheads. The indexing of the corre-
sponding diffraction vectors according to the system of Cahn
et al.13 is given in Table I. If the superstructure reflections
g51 , g52 , and g54 are used for imaging under two-beam con-
ditions, the planar defects are in contrast, whereas if the fun-
damental reflections g53 and g55 are used they are out of
contrast and only a weak residual contrast can be observed.
The same conditions are found using other reflections for
imaging, e.g., those in threefold or other fivefold systematic
rows. Generally, we find that if superstructure reflections are
TABLE I. Indices of the g-vectors used for imaging in Fig. 3.
The spots are subdivided into fundamental spots ~f ! and superstruc-
ture spots ~s!.
h/h8,k/k8,l/l8 Type Planar defects visible
g51 ~0/1, 1/1, 0/0! s yes
g52 ~1/1, 1/2, 0/0! s yes
g53 ~1/2, 2/3, 0/0! f no
g54 ~2/3, 3/5, 0/0! s yes
g55 ~2/4, 4/6, 0/0! f no
FIG. 2. Bright-field image of a heat-treated sample B. Disloca-
tions are marked by thin arrows, planar defects in different orienta-
tions are marked by thick arrows.2-2
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if fundamental spots are used, the planar defects are out of
contrast.
The density of planar defects depends on the treatment of
FIG. 3. Centered dark-field images, using diffraction vectors of
a fivefold systematic row. In the bottom right section the twofold
diffraction pattern is shown, with arrowheads marking the corre-
sponding reflections ~indices in Table I!.01420the sample. While in samples A no planar defects could be
detected, we find that in the heat-treated sample B 20% of
the dislocations present in the material are connected to pla-
nar defects. Their density further increases with increasing
plastic strain. In sample C, which was deformed up to the
upper yield point, 52% of the dislocations are connected to
planar defects. In sample D, deformed up to the steady-state
regime, the planar-defect density is extremely high. Since the
number of defect-plane crossings is accordingly large, all
segments show a strong curvature. This leads to a rather
complex defect structure as shown in Fig. 4. Here, the den-
sity of planar defects is too high to assign dislocations to the
planar defects.
The dislocation densities in the as-grown ~A! and in the
heat-treated ~B! sample were determined as 63106 and 5
3107 cm22, respectively. In the deformed samples we find
distinctly higher dislocation densities of 2.23108 and 5.6
3109 cm22 at strains of 0.2 ~C! and 1.6% ~D!, respectively.
These results are compiled in Table II.
Plane normals of planar defects were determined by
specimen-tilting experiments in the TEM. In a sample of
type B, which was heated at 510 °C for 7 h and subsequently
quenched in water, the plane normals for 58 examples of
planar defects could be determined. In these samples, the
planar defects are often straight over distances of several
microns and are frequently arranged in parallel ~Fig. 5!. We
found that 90% of the plane normals were oriented perpen-
FIG. 4. Bright-field image of sample D deformed at 500 °C up
to 1.6% of plastic strain. A high density of planar defects is visible.TABLE II. Dislocation density and appearance of planar defects in samples of the four categories.
Sample
Dislocation density
r/cm22 Planar defects
~A! as-grown 63106 No planar defects found
~B! Annealed for 12 h at 500 °C 53107 20% of dislocations attached to
planar defects
~C! At 500 °C deformed to the
upper yield point («plast50.2%)
2.43108 52% of dislocations attached to
planar defects
~D! At 500 °C deformed to the
steady-state regime («plast51.6%)
5.63109 Extremely high density of planar
defects ~Fig. 4!2-3
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dicular to threefold directions. The density of planar defects
is found to be rather inhomogeneous. Besides regions of high
planar-defect density ~Fig. 5!, other regions with consider-
ably lower densities can be found.
In deformed samples of type C at a specimen orientation
in the TEM with the electron beam parallel to the @0/0 0/0
0/2# compression direction most planar-defect normals are
inclined with respect to the viewing direction. Only very few
examples of planar defects in edge-on orientation can be
found. In particular, we most frequently find planar defects
with normals oriented parallel to pseudotwofold @1/1, 2/1,
1/2# directions. These make an angle of 46° with the com-
pression direction. Less frequently, planar-defect normals
parallel to pseudotwofold @1/2 1/1 2/1# directions ~54° incli-
nation to compression axis! and fivefold @0/0 1/0 0/1# and
@0/1 0/0 1/0# directions ~32° and 58° inclination to the com-
pression axis, respectively! are observed. In some cases the
plane normals could not be assigned to a low-index direction
of the quasilattice, but their normals were found to make an
angle close to 45° with the compression direction. In samples
D, which were deformed up to higher strains, the orientations
of the planar defects could not be determined, due to their
high density and the strong curvature of the segments ~Fig.
4!. Planar segments, straight over some 100 nm as in
samples B or C, could not be observed.
For some examples we determined Burgers vector direc-
tions of dislocations terminating planar defects by means of
contrast-extinction experiments. In a sample of type B we
found a planar defect having a normal parallel to the fivefold
@21/0, 0/1, 0/0# direction to be terminated by dislocation
with a twofold @21/0, 1/1, 0/1# physical-space Burgers-
vector direction. For a planar defect with a threefold @1/2,
0/1, 0/0# plane normal, we found a twofold @1/1, 0/1, 1/0#
Burgers-vector direction in physical space for the dislocation
attached. The angles between the physical-space components
of the Burgers vector and the normals of the planar defects
are thus 32° and 21°, respectively. In a deformed sample C,
FIG. 5. Bright-field image of a sample B with a comparatively
high density of planar defects. The planar defects are arranged in
parallel on fivefold planes, viewed in an edge-on orientation. A
dislocation terminating a planar defect is marked by a thin arrow.01420dislocations attached to planar defects with pseudotwofold
@1/1, 2/1, 1/2# normals were investigated. A twofold @21/
21, 0/21, 1/0# physical-space direction of the Burgers vec-
tor was found in three cases and a @21/0, 21/21, 0/1# two-
fold Burgers vector was found in two cases. The angles
between the parallel components of the Burgers vectors and
plane normals thus amount to 65° and 75°, respectively.
IV. DISCUSSION
In this paper, we present the contrast-extinction study of
planar defects in icosahedral Zn-Mg-Dy quasicrystals. It was
shown that these defects are in contrast if superstructure re-
flections of the face-centered hyperlattice are used for imag-
ing under two-beam Bragg-contrast conditions, and that their
contrast is extinct if fundamental reflections are used. This
gives clear evidence that these planar defects are antiphase
boundaries of the face-centered ordered structure.
Antiphase boundaries ~APB’s! in icosahedral quasicrys-
tals were first observed by Devaud-Rzepski et al.14 in icosa-
hedral Al-Cu-Fe. This phase also possesses a face-centered
hyperlattice.15 In their paper, Devaud-Rzepski et al.14 report
on the formation of APB’s in rapidly solidified icosahedral
Al-Cu-Fe quasicrystals, whereas the slowly cooled alloy was
reported to possess a single-domain structure. This corre-
sponds to the results of the present work, where APB’s were
found in the heat-treated and quenched samples of type B but
not in the slowly cooled samples A.
The increasing density of dislocations as a result of plastic
deformation provides clear evidence that plastic deformation
in icosahedral Zn-Mg-Dy single quasicrystals is mediated by
a dislocation mechanism. The density of APB’s is also ob-
served to increase strongly with increasing plastic strain.
Furthermore, we find that higher percentages of dislocations
are attached to APB’s at higher dislocation densities. These
facts strongly indicate that the APB’s are introduced into the
structure by moving dislocations. In terms of the six-
dimensional ~6D! hyperlattice, this observation can be under-
stood as a result of the movement of hyperlattice partials, the
Burgers vectors of which do not correspond to a translation
vector of the 6D lattice. In the highly ordered face-centered
hyperlattice, dislocations with Burgers vectors corresponding
to translation vectors of the 6D lattice would be hyperlattice
superdislocations, the projection of which into physical
space leads to energetically unfavorably large Burgers-vector
magnitudes. A splitting into hyperlattice partials, a mecha-
nism to be seen in analogy to superpartial splitting in ordered
fcc alloys, leads to dislocations with energetically more fa-
vorable shorter Burgers vectors, the movement of which,
however, causes the formation of APB’s.
For some examples in undeformed and deformed samples
B and C it was possible to simultaneously determine the
directions of dislocation Burgers vectors and the normals of
their associated APB’s. The results show that the Burgers
vectors are not parallel to the ABP’s, that is, to their planes
of motion. This shows that the movement of the dislocations
is a mixed process of glide and climb. In the heat-treated
material B angles of 21° and 32° between the Burgers vec-
tors and the APB normals are observed, whereas in the de-2-4
ANTIPHASE DOMAINS IN PLASTICALLY DEFORMED . . . PHYSICAL REVIEW B 64 014202formed material C we find larger angles of 65° and 75°.
Thus, in the first case the climb component and in the second
case the glide component is dominant. This observation in-
dicates that the glide-climb proportion increases as a result of
plastic deformation. This result corresponds to those of ear-
lier studies by Wang et al.16 and Caillard et al.17 in which
dislocation-induced planar faults and their strain-field direc-
tion or the Burgers-vector direction of their bounding dislo-
cations were analyzed by TEM. In both studies, directions
parallel to the fault-plane normals were found. Caillard
et al.17 interpreted these observations in terms of pure climb.
In heat-treated and quenched samples of type B, the
APB’s are in fivefold and threefold planes of the quasilattice.
This indicates that without the presence of a tended external
force the movement of partial dislocations preferentially
takes place in low-indexed planes. A different situation is
encountered in the deformed samples C, where a directional
external stress field governs the force on the dislocations.
Here APB’s in pseudotwofold $1/1, 2/1, 1/2% planes are
found to be dominant, which are tilted by 46° with respect to
the compression direction and therefore resolve a high shear
stress. The other, less frequently observed planes also pos-
sess rather favorable inclinations to the compression direc-
tion. Moreover, APB’s in planes, not perpendicular to low-
index directions but rather close to 45° orientations with
respect to the compression direction have been observed.
Thus we can conclude that in the presence of a tended exter-
nal force, the maximization of the resolved shear stress,
rather than the retention of a low-index plane is the deciding
parameter for the choice of the plane of dislocation motion.
This result is supported by the observation that the move-
ment of dislocations does not take place by pure glide but
rather involves a climb component. Due to the presence of
this additional mode of movement, the motion of disloca-
tions is less bound to low-index planes. A dislocation is able
to accommodate its motion such that the overall plane of
movement can most effectively contribute to relieve the
tended applied stress.
In an ordered face-centered icosahedral structure, there
are only two types of domains and one type of APB15 and
therefore stable networks of APB’s do not exist. It can be
shown that crossings of APB’s lead to their annihilation at
the line of intersection. This is illustrated schematically in
Fig. 6 for a two-dimensional ordered structure. The APB
created by the movement of a partial dislocation @Fig. 6~a!# is
crossed by a second APB @Fig. 6~b!#. At the crossing point,
the original structure is recovered, leading to the presence of
FIG. 6. Schematic of a two-dimensional ordered lattice, includ-
ing a vertically aligned APB ~a!. After introducing an additional
horizontal APB ~b!, the lattice is separated into two types of do-
mains ~denoted as D1 and D2!. Movement of the APB’s in the
direction of the arrows ~c! leads to a reduction of the total energy.01420three domains of the two types, D1 and D2 . In order to
decrease the total energy, the fault area is reduced by diffu-
sive rearrangement of atoms, leading to a situation as shown
in Fig. 6~c!. The further increase of the radius of the curved
segments, i.e., further movement of the APB’s in the direc-
tion of the arrows in Fig. 6~c! leads to a further reduction of
the total energy. Therefore, the arrangement of APB’s is not
stable. A preceding increase of the radius of the curved seg-
ments, however, involves the rearrangement of increasing
numbers of atoms, and therefore becomes slower and slower.
The experimentally observed arrangements of APB’s at the
crossings of planes of dislocation motion as shown in Figs. 1
and 2 corresponds to the situation shown in Fig. 6~c!. This
scenario of the formation of the APB-crossing arrangement
observed is supported by the additional study of a sample
heated for 2 h at 500 °C which, in contrast to samples of type
B, was not rapidly quenched but slowly cooled at a rate of
300 °C h21. The microstructural investigation of these
samples ~Fig. 7! shows that the shape of the APB’s is less
straight compared with those in quenched samples ~Figs. 1
and 2!. Figure 7 shows two crossings of APB’s ~see sche-
matic in inset!. In contrast to the rapidly-quenched material
B, the distance from the APB’s to the intersecting lines of the
glide planes is much higher. Due to the slower cooling rate,
the material is subjected to high temperatures for a longer
time. This leads to a further progression of the APB arrange-
ment towards a state of lower total energy.
In conclusion, we have presented a detailed microstruc-
tural investigation of defects in icosahedral Zn-Mg-Dy single
quasicrystals. We have shown that in this material the move-
ment of partial dislocations leads to the introduction of hy-
perlattice APB’s, and we have explained the observed ar-
rangements of APB’s in terms of diffusional reordering of
atoms. Since the APB’s allow an unambiguous determina-
tion of the plane of motion of the dislocations, a correlation
between this plane and the dislocations Burgers vector was
possible. This indicates that dislocation motion in this mate-
rial occurs at high temperatures by both glide and climb.
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FIG. 7. Bright-field image of a heat-treated and slowly cooled
sample. The planar faults are less straight due to longer subjection
to higher temperatures. The dashed lines in the inset show the
planes of motion of the dislocations.2-5
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